INTRODUCTION
The benthic foraminiferal study using the previous DSDP material in the Mediterranean Sea showed Neogene paleobathymetric trends in the deep-sea basins (Wright, 1978b) . On postMessinian sequences, however, they were roughly estimated, because only a small number of samples were available for the study. At a single site (Site 373) drilled in the Tyrrhenian Basin, only two cores of Plio-Pleistocene yielded benthic foraminifera.
During ODP Leg 107, many cores penetrating the Plio-Pleistocene were retrieved with good recovery at three sites (652, 653, and 654) in the central and western parts of the Tyrrhenian Sea (Table 1) . They contain well-preserved benthic foraminiferal tests enough for quantitative analysis, particularly in Pliocene and lower Pleistocene sequences. Chronostratigraphic framework has been made on the basis of planktonic foraminiferal and calcareous nannofossil biostratigraphy and magnetostratigraphy (Kastens, Mascle, et al., 1987) . The benthic foraminiferal biostratigraphy has revealed several bioevents correlative among the sites. Some of them occur during the same time as demonstrated by planktonic datum levels, but the rest are diachronic (Sprovieri and Hasegawa, this volume) .
The present study intends to delineate quantitatively a history of the change in benthic foraminiferal faunas during the Pliocene-Pleistocene interval in the Tyrrhenian deep basin. Several studies of foraminifera m modern oceans have shown that foraminiferal biofacies are well correlated with water masses (Lohmann, 1978; Corliss, 1979; Burke, 1981) . Such a relationship, however, is not clear in the Mediterranean Sea today. Several workers, on the contrary, reported relationships between species and physicochemical properties as dissolved oxygen (Mullineaux and Lohmann, 1981) or depth distributions of important species occurring in Mediterranean sequences (Parker, 1958; Bandy and Chierici, 1966; Blanc-Vernet, 1969; Colom, 1974; Wright, 1978a; Cita and Zochi, 1978; Bizon and Bizon, 1984a-c; Jorissen, 1987; etc.) . These Mediterranean data are employed to interpret paleoenvironmental change through faunal analysis.
MATERIAL AND METHODS
The materials used in this study were collected from the three holes located in lower (Holes 652 and 653) and middle (Hole 654) mesobathyal depth. Core catcher samples were excluded from the analysis. All the samples about 10 cm 3 each were washed on 63-^m sieve, and dried. Further, they were dry-sieved with a mesh of 125 /un.
Benthic foraminifera exist in 699 samples in total, two to three samples per section of a core. All the samples were used in biostratigraphic analysis (Sprovieri and Hasegawa, this volume) . For faunal analysis, benthic foraminifera were picked up, identified, and counted from fractions larger than 125 /un. Specific identification was based on descriptions and illustrations of previous studies of the Mediterranean and the Atlantic species, as well as the original authors' works: Phleger et al. (1953) , Parker (1958) , Todd (1958) , Cita et al. (1974) , Cita and Zocchi (1978) , Wright (1978a) , Agip (1982) , Parisi (1981) , Bizon and Bizon (1984) , Caralp (1984) , and Ross and Kennett (1984) . On generic position of species, we followed the taxonomy by Loeblich and Tappan (1964) and some subsequent authors including Lipps (1965) , Seiglie (1965) , Belford (1966), and McCulloch (1981) . They are all included in the revised classification by Loeblich and Tappan (1988) . See Plates 1-5 for SEM photomicrographs. For quantitative analysis, a Q-mode factor analysis using CABFAC program (Imbrie and Kipp, 1971; Klovan and Imbrie, 1971 ) was employed. Forty-seven taxa groups were selected from the original data (269 species belonging to 104 genera). The occurrence of taxa groups in each site is shown in Table 2 . Samples containing less than 50 specimens of these taxa groups were omitted from the analysis. Finally, 499 samples remain for the analysis. Incidentally, a long blank interval is made in the middle part of the Pleistocene at Site 652.
FAUNAL ANALYSIS
The computations of factor analysis were separately performed to determine in detail the stratigraphic variability at each site. The sum of the variances for the first six factors is about 80% at each site.
Meaning of each varimax factor can be explained based on distribution of higher factor loadings (more than 0.5) and on highly contributing taxa group represented by higher scores. The higher varimax factor loadings, either positive or negative for each factor, are distributed within a restricted stratigraphic interval at each site. The following lines are summarized results of the Q-mode factor analysis: cumulative variance (Cum. var.) for the first six factors for each site, and variance, taxa group with high contribution and its factor score (Taxa group), and distribution of higher factor loadings for each factor (Distribution). The stratigraphic distribution is represented by MP1 biozone for the Pliocene using a scheme described by Glacon et al. (this volume) . There are a few samples with extremely low communality (less than 0.3) for the first six factors at each site. These samples have peculiar faunal compositions, and cannot be explained by the first six factors. Dominant species in such samples are also shown with their stratigraphic position.
Site 652
Cum. var. = 82.7% (Fig. 1 Based on the stratigraphic distribution of varimax factors with higher factor loadings, the sequence is divided into four zones in respective sites. The zonal boundary in each sequence is located roughly at the same level among three sites (Fig. 4) . Every zone is at a similar interval and correlative among the three sites based on similarity of characteristic taxa groups, recognized by higher factor scores. Consequently, four stratigraphic intervals are recognized among the three sites, and are named Zone I to Zone IV in stratigraphically ascending order (Table 6) .
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The lowest zone, Zone I, is recognized by Factor 5 at Site 652, and by Factor 3 at Site 654. A faunal assemblage recognized by these factors at both sites is named Assemblage A. It is characterized by dominant Globocassidulina spp. This taxa group is accompanied by Gyroidina group at Site 652, and costate Uvigerina at Site 654. At Site 653, no similar assemblage is extracted by any of the first six factors, but is recognized in a few samples with low communalities, which Globocassidulina spp. dominate.
Zone II is recognized by two factors at every site as shown in The highest zone, Zone IV, is roughly divided into lower and upper parts, though criteria and levels of boundaries between both parts differ from site to site. In the lower part of the zone, faunas are dominated by Miliolina and Gyroidina spp. at the three sites. These two taxa groups occur in the same sample within the zone, dominating alternatively. This fauna is named Assemblage D. In this zone at Site 652, Cibicidoides kullenbergi dominates a few samples which have low communalities. The assemblage contains Pyrgo spp. and C. kullenbergi as subordinate species at Site 653, and the Bolivina group at Site 654, respectively.
In the upper part of Zone IV, the fauna, named Assemblage Ea, is dominated by Articulina tubulosa at the three sites. At Site 652, this assemblage occurs at about 37 mbsf (meters below seafloor) in the middle part of the Pleistocene. 
DISCUSSION
Faunal changes through the Plio-Pleistocene sequences are quite similar at the three sites. This suggests that basin-wide changes of environment occurred in the Tyrrhenian Sea region. Interpretation of paleoenvironment based on foraminiferal fauna is made by analogy with the modern Mediterranean fauna and additional ones, mainly in the Atlantic Ocean. In this paper, paleodepth is represented with a bathymetric zonal scheme in the modern Mediterranean by Wright (1978b) as well as water depth.
Paleoenvironment Deduced from Assemblages
In Zone I, Assemblage A is characterized by the Globocassidulina group (mainly G. subglobosa) and accompanying taxa, Gyroidina group (mainly G. soldanii) and costate Uvigerina (U. (Bandy and Chierici, 1966) . This species is a typical bathyal form, common in epibathyal zone and below. Gyroidina soldanii occurs below 400 m in the Gulf of Naples (Wright, 1978b) . Off Catalonia, it occurs in upper epibathyal zone, and common in 240-300 m (Colom, 1974) . Uvigerina pigmea occurs in deposits of shelf to over 2500 m (Boersma, 1984) . In the Tyrrhenian sites, it is characterized by typically fusiform tests with lower costae and hispid final chambers. Such a form is typical in shallower sediment in the bathymetric range of this species (Boersma, 1984) . Among the low costate forms of Uvigerina, U. peregrina has an UDL at about 100 m (Bandy and Chierici, 1966) . Uvigerina mediterranea is reported from 104 to 1378 m in the Eastern Mediterranean (Parker, 1958) . Consequently, Assemblage A is considered as a fauna in upper epibathyal zone (150-200 m to 500-700 m).
Assemblage B is characterized by two elements opposing to each other, Siphonina reticulata and Parrelloides spp. (both P. robertsonianus and P. bradyi). Siphonina reticulata is recorded at depths of 81-1000 m off western Corsica (Bizon and Bizon, 1984c) and 104-1016 m in the Eastern Mediterranean (Parker, 1958) . The related species, S. bradyana, occurs from the upper Pleistocene at lower epibathyal depth in the Alboran Sea, westernmost Mediterranean (Caralp, 1988) . 5. bradyana is also re- ported with 5. pulchra from 150 to 750 m in the Gulf of Mexico (Pflum and Frerichs, 1976) . All the data on living forms have come from the seas of rather higher salinity than normal marine water. In those seas, however, this genus is always rare in the fauna. On the contrary, 5. reticulata is very abundant in the Tyrrhenian Pliocene and seems to be characteristic in this region (or the Mediterranean). This element assumed to indicate a hypersaline water in upper epibathyal zone (150-200 m to about 1000 m). The other element of Assemblage B, Parrelloides spp. are absent in the modern Mediterranean, but live in the Atlantic. Parrelloides robertsonianus is one of the characteristic species of North Atlantic Deep Water (NADW), but its bathymetric range extends up to 790 m off northwest Africa (Lutze and Coulbourn, 1984) . The UDL of P. bradyi is about 450 m in the Gulf of Mexico (Pflum and Frerichs, 1976) . In Assemblage B, P. robertsonianus is always less frequent than P. bradyi, and is never common through Zone II. Therefore, this element represents the uppermost region of middle epibathyal zone (500-700 m to 1000-1300 m).
At Site 654, S. reticulata is more dominant than Parrelloides spp. This reveals that this site was situated at central depths of upper epibathyal zone. At Site 652, on the contrary, both elements affect the fauna in the same degree throughout the sequence. It is presumed that Site 652 was deeper and more affected by deeper water than Site 654 in transition between upper and lower epibathyal zones. Site 653 was situated at depth between Sites 652 and 654.
At Site 654, Planulina ariminensis is commonly found in Zone II, though it is statistically a minor element. This species is found from outer neritic depths to 800 m in modern oceans, and attains a maximum at 400-500 m (Berggren and Haq, 1976) . It is less abundant at Sites 653 and 652. This fact supports the above estimation that Site 654 was the shallowest.
Assemblage Ca is characterized by Oridorsalis spp. in Zone III at Sites 652 and 653. This group consists of O. stellatus, O. umbonatus, and other forms. Oridorsalis stellatus has not been reported from the modern Mediterranean. This species is reported from the oxygen minimum layer in the Gulf of Mexico by Pflum and Frerichs (1976) . However, the form of their figured specimen does not fall in the range of morphologic variation. In the Gulf of Gascogne, Oridorsalis umbonatus occurs at 850 m and below (Caralp et al., 1970) . At Site 653, Assemblage Ca has an additional element represented by Cibicidoides pachyderma which is considered as a ubiquitous form (Arnold, 1983) .
Assemblage Cb at Site 654 is characterized by the association of Sigmoilopsis schlumbergeri, Miliolina, and Parrelloides spp. in Zone III. Oridorsalis spp. and C. pachyderma are also included in this assemblage. Sigmoilopsis schlumbergeri occurs below 57 m to 1000 m; and attains maximum between 200 and 300 m in Ajaccio Bay (Bizon and Bizon, 1984c) . In the northeast Atlantic, it occurs at 200 m, becoming common below 800 m and abundant below 2000 m (van Morkhoven et al., 1986) . Miliolina in this analysis contain Quinqueloculina bicarinata, Q. venusta, and Triloculina tricarinata, as major components. They are regarded as important elements of NADW together with Oridorsalis umbonatus and Parrelloides robertsonianus (Lohmann, 1978) . These species are also found in Assemblage Ca, though less abundant.
Cibicides wuellerstorfi, another important element of NADW, occurs as a minor element within Zone III, both Assemblage Ca and Cb. This species occurs below 800 m in the North Atlantic and becomes common below 3000 m (van Morkhoven et al., 1986) . As a whole, the assemblages in Zone III include many elements of modern NADW, and suggest the presence of a water like NADW in the Tyrrhenian region. We call it Atlantic-type deep water as a tentative name.
The depth range of present NADW is 1800-3000 m off Northwest Africa, but becomes shallower to 1300 m toward the equator (Lutze and Coulbourn, 1984) . Within the range, one of the components of the NADW fauna, Cibicidoides kullenbergi, becomes abundant below 2100 m in the Gulf of Gascogne (Wright, 1978b) . Its UDL is 1400 m in the same sea (Caralp et al., 1970) . This species, however, is not included in these assemblages.
Judging from the modern distribution of NADW and of species composing the assemblages in Zone III, Assemblages Ca and Cb are regarded as the faunas representing the upper region of upper mesobathyal zone (from 1000-1300 to 1800 m) under a slight influence of Atlantic-like deep water. In contrast with Site 654, Sites 652 and 653 were less affected by this deep water. In Zone II, in turn, the occurrence of P. robertsonianus seems to reveal the beginning of this deep-water invasion. In Zone III, Atlantic-type deep water became more effective in the Tyrrhenian region.
The lower part of Zone IV, upper Pliocene to lower Pleistocene, is characterized by Assemblage D which consists of two end members, Miliolina and the Gyroidina group. Miliolina are components of the Atlantic-like deep water as mentioned above. The Gyroidina group consists of Gyroidina cf. neosoldanii, G. soldanii, Gyroidinoides altiformis, and G. altiformis delicata. They live in the Mediterranean today. The UDLs of G. soldanii and G. altiformis are about 100 and 150 m, respectively (Bandy and Chierici, 1966) . Gyroidina spp. are common at 2500-4000 m in the Western Mediterranean (Cita and Zocchi, 1978) . This element of Assemblage D, then, is considered as Mediterranean-type deep water element.
The present deep water in the Mediterranean is characterized by a warm and extremely constant temperature (13°C), moderate oxygen contents (5 mL/L) and higher salinity (38%o) (compiled by Bandy and Chierici, 1966) . On the contrary, NADW is characterized by cooler temperatures (2.5°-1.5°C), high oxygen contents, and high salinity, and is distributed between 1800 and 3000 m off northwest Africa (Lutze and Coulbourn, 1984) .
Assemblage D is associated with Cibicidoides kullenbergi, which is a typical bathyal-abyssal species and correlates with NADW in the present Atlantic (Lohmann, 1984; Sen Gupta et al., 1982; Murray, 1984) . Judging from these distribution data in modern ocean, Assemblage D is regarded as a lower mesobathyal fauna (2500-4000 m).
The depth distribution of deep water has been variable with time. At DSDP Site 548, 1256 m deep in the Northeastern Atlantic, C. kullenbergi occurs in upper Pliocene-lower Pleistocene sequence (Caralp, 1984) . This suggests that NADW-like deep water rose up to 1250 m deep during this interval. Therefore, Assemblage D was possibly distributed at shallower depths as middle mesobathyal (1800-2500 m).
In the upper part of Zone IV, Assemblage E is characterized by Articulina tubulosa which is a remarkable deep-water species in the present Mediterranean. It is rare below 1300 m, but becomes common below 1800 m (Wright, 1978b) . In the Eastern Mediterranean where bottom environment is more or less ill ventilated, A. tubulosa replaces Gyroidina spp. from 1800 to 3000 m (Massieta et al., 1976) and becomes abundant. In the well ventilated western Mediterranean, for example the Balearic Basin, faunal assemblages are more diversified, and A tubulosa is never a dominant component (Cita and Zocchi, 1978; Bizon and Bizon, 1984c) .
Articulina tubulosa is relatively tolerant of oxygen-depletion, and has been found near the sapropel horizons in cores from the Eastern Mediterranean (Mullineaux and Lohmann, 1981) . On the contrary, Gyroidinoides spp. are common in the intervals between sapropel layers and seems to represent more oxygenated conditions. Therefore, the transition from Assem-blage D to Assemblage E at the three sites indicates the beginning of oxygen-depletion in the Tyrrhenian Basin, though we do not have samples from sapropel layers.
A few samples from the middle to upper Pleistocene contain faunas dominated by Globobulimina spp. at Sites 652 and 653. This indicates severe low oxygenation. Further, at Site 652, a long interval (about 30 m) with poor benthic foraminifera is found in the middle part of the Pleistocene. It suggests that bottom was under conditions of true stagnant water. On the other hand, Assemblage D occupied again several horizons in the upper Pleistocene at both sites. This suggests that ventilation has revived in lower bathyal basin. This assemblage, however, consists of Mediterranean-type deep water element, but any species indicating NADW-like deep water is excluded.
At Site 654, Assemblage Ea is replaced by Assemblage Eb in the middle Pleistocene. This assemblage is characterized by the association of two elements opposing to each other: A. tubulosa vs. Cassidulina carinata and Cibicidoides pachyderma. The latter element occurs below the outer neritic zone to lower mesobathyal in the Mediterranean today (Parker, 1958; Cita and Zocchi, 1978) . In upper Pleistocene sequences, C. carinata and Cibicidoides pachyderma are dominant components, and their proportions in the fauna fluctuates in the opposite manner to that of A. tubulosa element. Therefore, it is regarded as an indicator of oxygen-rich conditions at middle mesobathyal zone (1800-2500 m).
Paleoceanographic Implication
Through the Plio-Pleistocene sequence, comparable faunal changes have been recognized among the three sites. Some differences in faunal composition and also time lags of faunal change are detected among these sites (Fig. 5) . They are ascribed to the different paleodepth of each site and probably to differential movements of the basement.
The transition from Assemblage A to Assemblage B occurred in MP11 biozone at Site 652 (4.7 Ma), the earliest among the three sites. At the other sites, it occurred near the base of MP12 biozone (about 4.7 Ma). During Zone II, which corresponds to most of the Cibicidoidesf?) italicus benthic foraminiferal zone (Sprovieri and Hasegawa, this volume), the Tyrrhenian region was the most stable throughout the sequences. Through this period (about 1.9 m.y), the three sites sank about 200-400 m by the end of C.(?) italicus biozone (Fig. 5) . Zone II terminated with a long transition period in the lower of MP15 biozone; 3.1-2.7 Ma at Site 652, 2.9-2.6 Ma at Site 653, and 2.8-2.6 Ma at Site 654. In Zone III, these sites rapidly deepened more than 1000 m during 1.0-m.y. interval. The fauna changed from Assemblages Ca (Sites 652 and 653) and Cb (Site 654) to Assem- blage D in the upper of MP16 biozone (about 1.8 Ma) at the three sites. During the Pleistocene (Zone IV), Site 652 at 3446 m, deepest site, has continued to subside. On the contrary, Site 654 at 2208 m, shallowest site, becomes stable. At Site 653 at 2817 m, subsidence is estimated at about 600 m.
In the upper Pliocene to lower Pleistocene, many species indicating Atlantic-type cool deep water are found in Zone III and lower part of Zone IV. They suggest that the Tyrrhenian basin was affected in some degree by such a deep water in that time.
One of the peculiar features of the Mediterranean is its circulation pattern of "shallow-in and deep-out." Water-loss caused by evaporation at the surface is compensated by the inflow of surface water of the Atlantic. Dense deeper water spills over the sill at the Strait of Gibraltar into the Atlantic Ocean where it is recognized as the Mediterranean Outflow Water (Vergnaud Grazzini et al., 1986) . This pattern seems to have formed only during the Pleistocene. The element of Mediterranean-type deep water, Assemblage D, occupied this region in the late Pliocene. It is seen, however, from the dominance of Assemblages Ca and Cb, and Assemblage D that Atlantic-type deep water was effective even in later time of period.
Additional evidence comes from the Balearic sites of the previous DSDP Leg 42A (Sites 371 and 372), where faunas comparable to Assemblages C and D are reported in the upper Pliocene and lower Pleistocene (Bizon et al., 1978) . They listed all the species characterizing this Atlantic-type deep water: Oridorsalis umbonatus, Sigmoilopsis schlumbergeri, Miliolina (Quinqueloculina spp. and Triloculina spp.), Parrelloides spp. (Cibicidoides robertsonianus and C. bradyi), Cibicidoides wuellerstorfi, and Cibicidoides kullenbergi. This suggests that a uniform deep water expanded from the deep Balearic region to, at least, the deep Tyrrhenian Sea region. Sills between both seas did not play the role of barrier for the deep-sea fauna or for the passage of deep water itself.
If this deep water were of true "Atlantic" origin, it is assumed that the Balearic Sea was connected with the Atlantic, with no effective barrier for deep water circulation: a shallow sill like that at the Strait of Gibraltar was not active during the late Pliocene and early Pleistocene, and Atlantic deep water flowed into the Mediterranean Sea. Occurrence of Assemblage E at the three sites suggests that this deep-water circulation has been interrupted, at least, in the Tyrrhenian Basin since the early Pleistocene. It possibly led to low oxygenation at deep bottom. These phenomena may have been caused by either lowering of the NADW in the Atlantic or activated barriers at the Strait of Gibraltar and/or around the Tyrrhenian Basin, or both during the middle Pleistocene.
CONCLUSION
By means of Q-mode factor analysis, Plio-Pleistocene benthic foraminifera were examined at Sites 652, 653, and 654. Among the three sites, comparable faunal changes were delineated through the sequences. A paleoenvironmental trend at the three sites was delineated as follows:
After the reestablishment of open-marine condition at the beginning of Pliocene, the three sites in the Tyrrhenian Basin were located in upper epibathyal zone (MP11 biozone). Every site, then, deepened slowly to lower epibathyal zone during most of the Pliocene (MP12 biozone to lower MP15 biozone). This period was the most stable for the entire Plio-Pleistocene interval in the Tyrrhenian Basin.
Rapid deepening occurred in the late Pliocene (middle MP15 biozone to middle MP16 biozone), and all the sites sank into upper mesobathyal zone. Mediterranean-type deep water occupied this deep bottom. At the same time, some species suggest that Atlantic-like deep water affected the faunas in some degree.
Continuous deepening led to more effective Atlantic-like deep water prevailing at the three sites. During the Pleistocene, Sites 652 and 653, deeper sites, continued to sink to the present depth of lower mesobathyal (3446 and 2817 m, respectively). On the contrary, Site 654, the shallowest site, stopped sinking at the present depth (2208 m) of middle mesobathyal zone.
As compared with NADW in the present Atlantic, the temperature of the present Mediterranean deep water is extremely high. On the analogy of faunal composition, a similar degree of difference in water temperature was expected between Atlanticlike deep water and Mediterranean-type deep water in PliocenePleistocene time. Both types of element are contained in faunal assemblages of the upper Pliocene to lower Pleistocene. They occur from the same sections, but dominant elements in each horizon change alternatively. This fact suggests that Atlanticlike deep water intermittently flowed into the Tyrrhenian region which Mediterranean-type deep water usually occupied. This influx may be led by the rise of NADW in the Atlantic.
Both types of deep water seem to have been well oxygenated. On the contrary, low oxygenated deep water has occurred since the early Pleistocene. Such a bad ventilation was caused by either lowering of the NADW in the Atlantic or activated barriers for deep water circulation.
